Abstract. Successful propagation of Nerium oleander L. (oleander) was achieved by in vitro methods. Shoot cultures were initiated from seedlings of wild-growing plants and from shoot apices of adult plants belonging to the commercial cultivars Splendens Giganteum, Revanche, and Alsace. Axillary shoot breaking from shoot tips excised from these cultures required the presence of either 6-benzylaminopurine (BA) or thidiazuron (TDZ). The higher number of axillary shoots from juvenile material was obtained by culturing shoot tips from BA-pretreated material derived from seedlings on a modified Schenk and Hildebrandt medium (SHM) supplemented with BA or TDZ (average of 3.9 shoots per explant with a mean length of 10.4 mm) and when the media were supplemented with 8.8 mM TDZ (average of 3.5 shoots per explant with a mean length of 7.3 mm) or 4.4 mM BA (average of 3.3 shoots per explant with a mean length of 12.3 mm). Among cultivars, cv. Revanche showed best shoot proliferation rates, especially when explants were cultured on Woody Plant Medium (average of 3.2 shoots per explant with a mean length of 10.2 mm). Adventitious bud differentiation from oleander leaves is also reported. Leaves excised from seedling-derived shoot cultures responded better than those from adult plant-derived shoot cultures (40% versus 5%, respectively). Bud differentiation required the presence of TDZ in the SHM medium, although shoot development was only achieved on transference of explants to media without TDZ but supplemented with BA and indoleacetic acid (IAA) or BA, kinetin, and IAA. Axillary and adventitious shoots were easily rooted (99%) and successfully (95% to 100%) transferred to soil.
ance (Mackay et al., 2005; Niu et al., 2008) . Cultivars are clonally propagated by cuttings (Hartmann et al., 2002) , but also tissue culture techniques have been described : Jacquemont et al. (1992) reported on axillary proliferation of 'Petite Salmon', a dwarf cultivar; Pal et al. (1990) induced root organogenesis from leafderived calli but failed to induce shoot organogenesis; Santos et al. (1994) reported on somatic embryogenesis from oleander leaf explants, whereas more recently, OzdenTokatli et al. (2008) have referred a protocol for the medium-term conservation of oleander buds in synthetic seeds. In vitro propagation of ornamental plants allows the high rate and continuous production of clones and can also be used to clean up plant material affected by some pathology such as for oleander plants can be leaf scorch, caused by Xylella fastidiosa subsp. sandyi, and leaf blight, caused by Pseudomonas savastanoii pv. nerii (Phelan et al., 2009, and references therein) .
In addition to its value as a garden plant, oleander is economically important for the pharmaceutical industry because it produces bioactive secondary metabolites, mainly cardenolides, flavonoids, and terpenes (Fu et al., 2005; Zhao et al., 2007) . For example, oleandrin has been identified as a potent antitumor compound (Manna et al., 2000) . Given the commercial value of oleander metabolites, their production by plant cell cultures has been also the subject of study (Ibrahim et al., 2007 (Ibrahim et al., , 2009 Paper and Franz, 1993; Profumo et al., 1993) . Finally, Nerium oleander can be used for wastewater purification and for restoration of riparian woodlands (Adrover et al., 2008) .
Besides the interest of oleander micropropagation for commercial-scale plant production, adventitious regeneration would allow the genetic engineering of this plant species, and therefore oleander plants with new favorable traits such as herbicide tolerance, reduced height, pathogen resistance, and engineered metabolites could be obtained. To date, however, there is only one reference on the genetic transformation of oleander callus by a wild strain of Agrobacterium tumefaciens from which cell cultures were derived for oleandrin production (Ibrahim et al., 2007) . Transgenic oleander plants have not yet been reported, probably as a result of the limited information about morphogenesis on this species. The aim of this research was to develop methods for the in vitro clonal propagation of Nerium oleander. Factors controlling both axillary shoot proliferation and adventitious shoot differentiation, a morphogenic response not previously reported for this plant species, are presented.
Materials and Methods
Plant material and culture conditions. Explants used in the regeneration experiments were taken from juvenile (seedlings and seedling-derived cultures from oleander) and from adult plants of three commercial cultivars: 'Splendens Giganteum' with double dark rose flowers, 'Revanche' with red semidouble flowers, and 'Alsace' with simple white flowers. These cultivars were kindly provided by the Asociación Profesional de Flores, Plantas y Tecnología Hortícola de la Comunidad Valenciana (Valencia, Spain) .
To obtain juvenile plant material, random bulk seeds were collected from oleander plants growing in their natural habitat (Valle de la Gallinera, Alicante, Spain) and sterilized by immersion in a 25% solution of commercial bleach for 15 min (50 gÁL -1 of active chloride) followed by three rinses in distilled sterile water. Seeds were then germinated in test tubes (25 · 15 mm) covered with polypropylene closures (Wellco, Vineland, NJ) containing 20 mL of basal medium (BM) consisting of Murashige and Skoog (MS) major and minor salts (Murashige and Skoog, 1962) , B5 vitamins (Gamborg et al., 1968) , and 3.0% sucrose. The pH was adjusted to 5.8 and the medium was solidified with 0.7% agar (Agar industrial; Pronadisa, Hispanlab, S.A., Alcobendas, Madrid, Spain) before being autoclaved for 20 min at 120°C. Seedling-derived cultures were maintained by transferring shoot apices to 250-mL glass To whom reprint requests should be addressed; e-mail isabel.arrillaga@uv.es. vessels containing 40 mL BM with the ammonium nitrate salt reduced to half of its original concentration (BMN/2) and 4.4 mM 6-benzylaminopurine (BA) (hereafter referred to as maintenance medium). Vessels were covered with sun cap transparent film closures (Sigma Chemical Co., St. Louis, MO). Every 3 weeks, individual shoot apices and nodal segments were excised and transferred to the same fresh medium. Shoot tips and leaves from these proliferating cultures were further used as explants.
Adult plant material was obtained from leafless lateral cuttings (10 cm in length) cultured in pots containing 2 mLÁL -1 PeltÒ (a systemic fungicide that contains 45% of methyl thiophanate; Bayer CropScience, Valencia, Spain) aqueous solution. To encourage bud growth, cuttings were sprayed with 44.4 mM BA and kept in a growth chamber (75% relative humidity, 28 ± 1°C, and a 16-h photoperiod of 80 mmolÁm -2
Ás
-1 irradiance at culture level). Emerging sprouts (1 cm) were collected after 15 d, rinsed for 12 h in running tap water, and surface-sterilized by sequential immersion in 10% Mercryl-laurile (a medical disinfectant composed of 0.1 gÁL -1 mercurobutol and 40.8 gÁL -1 sodium lauryl sulphate; Labaz S.A., Gerona, Spain) for 30 min, and 3% NaOCl for 15 min. After four 5-min washes with sterile distilled water, shoot apices were excised, transferred to the maintenance medium, and kept in proliferation by sequential subcultures as described for seedlingderived shoots.
Unless otherwise specified, cultures were kept in growth chambers at 25 ± 2°C and a 16-h photoperiod provided by Sylvania (GTE gro-lux; F36W/GRO, Erlangen, Germany) cool-white fluorescent tubes (60 mmolÁm Axillary shoot proliferation. Apical shoottips (1 to 2 mm in length) from both seedlings (15-d-old) and previously established shoot cultures of seedlings and adult plants (6-week-old) were individually transferred to test tubes containing 20 mL of proliferation media. Four proliferation media were tested and contained either the MS major salts (BM), the MS major salts with the ammonium reduced to a half (BMN/2), the Schenk and Hildebrandt (1972) major salts (SHM) or the Woody Plant Medium (WPM) major salts (Lloyd and McCown, 1980) . Media also contained MS minor salts, B5 vitamins, 3% sucrose, and 0.7% agar and were supplemented with 0, 4.4, or 8.8 mM of BA or thidiazuron (TDZ) in a factorial design. Twelve explants from each origin and cultivar were prepared for each treatment. After 45 d, data on number of shoots per explant and shoot elongation (mean length of the highest shoot, in millimeters) were recorded. Experiments were conducted twice.
Adventitious shoot differentiation. In a preliminary experiment, leaf explants (1 · 0.4 cm) excised from 3-week-old in vitrogrown shoots (derived from both seedlings and adult plants) were cultured in petri dishes (9 cm ø) containing 20 mL of either SHM or WPM with the following growth regulator treatments: TDZ (4.4 or 8.8 mM) alone or with indoleacetic acid (IAA; 2.2 or 4.4 mM), and combinations of TDZ/BA/IAA or BA/ kinetin/IAA at different micromolar concentrations each (13.2/13.2/4.4 and 8.8/8.8/4.4). Each treatment contained 12 replicates (12 dishes with five explants each) and culture time was 30 d.
On the basis of this experiment, leaf explants from 3-week-old in vitro-grown shoots (derived from both seedlings and adult plants) were first cultured for 15 or 30 d on SHM with 4.4 mM TDZ and 2.2 mM IAA (hereafter referred as to induction medium) and then transferred to the same medium with the following growth regulator combinations: 4.4 mM BA and 2.2 mM IAA; 4.4 mM BA, 4.4 mM kinetin (Kin), and 2.2 mM IAA; and 2.2 mM BA, 2.2 mM Kin, and 0.4 mM IAA. A complete random design was used. An induction medium containing 8.8 mM TDZ and 2.2 mM IAA was also tested for explants from seedling-derived shoots. Each treatment contained five replicates (five dishes with five explants each) and culture time was 60 d.
In all experiments, cultures were maintained for 15 d in the dark and then transferred to photoperiodic conditions. Cultures were examined for percent of explants with shoots and the number of adventitious shoots per explant.
Rooting and acclimatization. Both axillary and adventitious shoots longer than 1 cm were isolated from proliferating cultures and individually transferred to test tubes containing half-strength BM with or without 0.5 mM indole-butyric acid (IBA). At least 24 shoots for each origin (wild plants or the three commercial cultivars) and rooting treatment were used. Rooting percentages were recorded after 30 d. Rooted shoots were transplanted to 100-mL pots containing a mixture of 1:1 perlite:peatmoss and adapted to growth chamber conditions (75% relative humidity, 28 ± 1°C, and a 16-h photoperiod of 80 mmolÁm -2
Ás -1 irradiance at culture level) with gradual exposure to reduced relative humidity by progressively removing a transparent plastic cover during 2 to 3 weeks. Once acclimatization was accomplished, plants were transferred to the greenhouse and transplanted to 10-L pots containing the same substrate. Drip irrigation provided moisture for maintenance of vigorous growth. Pots were regularly surface irrigated with half-strength Hoagland and Arnon (1950) 
Statistical analysis. Significance of treatment effects was determined by analysis of variance (ANOVA). When responses did not change through treatments, the corresponding data were omitted from the ANOVA (Mize et al., 1999) . Percentage data were subjected to arcsine transformation before statistical analysis. Variation among treatments means was analyzed using Tukey's (1953) procedure.
Results and Discussion

Axillary shoot proliferation
Shoot tips from either seedlings or adult material cultured on media without growth regulators elongated and produced only one shoot, whereas axillary branching required the presence of cytokinins in the culture medium (Fig. 1A) .
For seedling-derived material, significant differences were found among media for the percentage of explants with more than one shoot (ANOVA data not shown) with SHM and WPM being superior to BM and BMN/2 (81.2% and 78.1% versus 69.8% and 60.4%, respectively; P # 0.05). BA was also more effective for axillary bud breaking than TDZ (82.3% versus 62.5%, respectively; P # 0.05); furthermore, BM with 8.8 mM TDZ drastically reduced the sprouting percentage from seedling shoot tips (25%). Branching on BA-supplemented media occurred without callus formation. In contrast, addition of TDZ induced a basal compact green nodular callus mainly in SHM or WPM media, a response already reported for other species (Debnath, 2005; Murthy et al., 1998) . Occasionally, these calli developed shoot-like structures that did not elongate when transferred to hormone-free medium.
The number of shoots formed per explant depended on shoot tip origin, culture medium, and cytokinin type (Table 1) . Explants isolated from in vitro-grown shoots (BApretreated) produced on average higher shoot proliferation rates (2.9 versus 2.4; P # 0.05). A significant interaction between shoot tip origin and culture medium showed that in vitro-grown shoot tips reached higher shoot proliferation rates when cultured on SHM (Table 1) , especially when this medium was supplemented with TDZ (average of 4.6 shoots per explant with a mean length of 6.9 mm). ANOVA also demonstrated a significant interaction among shoot tip origin, cytokinin type, and cytokinin level (Table 1) ; thus, cytokinin concentrations did not significantly affect axillary branching in seedling-derived explants, whereas shoot tips isolated from shoots cultured in the presence of BA showed the highest proliferation rates on media with 8.8 mM TDZ or 4.4 mM BA (average of 3.5 and 3.3 shoots per explant with a mean length of 7.3 and 12.4 mm, respectively). Neither culture medium nor cytokinin type or level affected shoot length on shoot tips excised from seedlings; WPM however favored shoot elongation on in vitro-grown shoots cultured in the presence of 4.4 mM TDZ (mean shoot length 21.7 mm).
Axillary shoot proliferation from commercial plant material
After 30 d, the percentage of cultures exhibiting axillary shoot growth ranged from 25% to 100%. The frequency of explants forming shoots was significantly higher (ANOVA data not shown) on SHM and WPM than on BMN/2 or BM (averages of 70.1% and 71.5% versus 57.6% and 48.6%, respectively; P # 0.01) and strongly depended on the cultivar (average of 70.3%, 62.5%, and 53.1% for 'Revanche', 'Alsace', and 'Splendens Giganteum', respectively; P # 0.01). This analysis also enlightens significant double and triple interactions among cultivar and cytokinin level with either media or cytokinin type. The ANOVA for the mean number of shoots formed per explant, after 45 d, also showed the effect of the cultivar with 'Revanche' producing a higher (P # 0.05) number of shoots (an average of 2.6 shoots per explant) than 'Alsace' and 'Splendens Giganteum' (an average of 2.1 and 2.0 shoots per explant, respectively). A significant full interaction among all factors was also evident. To gain a better interpretation of these results, individual ANOVA for each cultivar was performed, detailed subsequently (Table 2) .
Splendens Giganteum cultivar. None of the main factors tested significantly affected shoot proliferation. Note, however, that significant interactions between culture media and cytokinin level or cytokinin type and level were evident. Thus, the highest cytokinin level (8.8 mM) significantly reduced shoot proliferation when added to BMN/2 (2.3 versus 1.4 shoots per explant). Furthermore, irrespective of the culture medium, TDZ was more effective at 4.4 mM, whereas no differences were observed between the two BA concentrations tested. Shoot length ranged from 2.0 to 8.5 mm, with shoot elongation favored by the addition of cytokinins, although the effect was highly variable and depended on nutrient medium and cytokinin level (data not shown). For this cultivar, the preferred micropropagation protocol includes WPM medium supplemented with 8.8 mM BA that provides a mean of 3.0 shoots per explant with an average length of 5.7 mm.
Revanche cultivar. Shoot proliferation depended on culture medium, WPM and SHM showing superior results as compared with BM and BMN/2, particularly when 4.4 or 8.8 mM TDZ was added to BM or 8.8 mM TDZ to BMN/2 (Table 2 ). Maximal shoot proliferation was obtained by adding 4.4 mM of either cytokinin to WPM (3.5 to 3.7 shoots/ explant; Table 2 ). ANOVA demonstrated a significant effect of the nutrient media as well as a significant interaction among all factors tested. Shoot length was again highly variable, ranging from 1 to 45 mm, and was affected by all the factors tested. Higher shoot elongation was obtained when shoot tips were cultured on SHM with TDZ, whereas shoot tips cultured on SHM or WPM without growth regulators did not elongate (data not shown). The preferred protocol to propagate this cultivar includes WPM with 4.4 mM TDZ that provides a mean of 3.5 shoots per explant with an average length of 25.2 mm.
Alsace cultivar. As already reported for the other cultivars, axillary shoot proliferation was favored on SHM or WPM. In addition, a significant interaction between cytokinin type and level was observed. Thus, axillary branching was not significantly affected by TDZ concentrations, whereas 4.4 mM BA reduced the mean number of formed shoots per explant (Table 2) . Shoot length ranged from 3.8 to 12.7 mm. The presence of cytokinins favored shoot elongation, especially on either BM or BMN/2 media, in which a twofold increase was recorded (data not shown). The preferred protocol to propagate this cultivar includes WPM with 4.4 mM TDZ that provides a mean of 2.8 shoots per explant with an average length of 12.7 mm. Results mentioned demonstrate that the three cultivars differed significantly with respect to multiplication rates with 'Revanche' producing the highest number of shoots per explant. The effect of genotype on in vitro propagation capability has been reported for many species, including ornamentals (Beruto et al., 2004; da Silva, 2004; Debnath, 2005; Hankoua et al., 2005; Phelan et al., 2009) . Shoot yield also depended on media formulation. Thus, media with low ammonium concentrations (WPM and specially SH) were superior to formulations based on MS medium (BM and BMN/2) as has been described for other woody species (McCown and Sellmer, 1987) . A comparison between our results and those obtained previously by Jacquemont et al. (1992) seems to be difficult because these authors did not indicate the culture media and plant growth regulators used to promote axillary shoot development from cultured explants of the oleander cultivar Petit salmon.
Adventitious shoot differentiation
In the preliminary experiment, leaves on media without growth regulators produced no callus or adventitious buds and became senescent. The bud-forming capacity of the explants depended on the nutrient medium and cytokinin tested. Thus, the bud differentiation process occurred only on SHM supplemented with TDZ (4.4 or 8.8 mM) alone or in combination with IAA (2.2 mM). In most cases, shoot formation occurred by callus (Fig. 1C) . Occasionally, direct shoot organogenesis from intact surfaces and cut areas of explants was observed. The frequency of explants forming buds was relatively low (5% to 10%) irrespective of explant source (seedling-or adult plant-derived shoots). Furthermore, TDZ-induced buds failed to elongate even when transferred to hormonefree SHM, a response previously reported in axillary bud proliferation experiments.
To determine culture conditions that provide production of well-developed shoots, in a new experiment, explants were first exposed to TDZ for 15 or 30 d and subsequently transferred to media containing combinations of BA/Kin/IAA (BKI) or BA/IAA (BI). The percentage of explants forming adventitious buds was age-dependent with leaves from juvenile origin responding better than those from adult material (average percentage of 20% versus 5% for juvenile and adult material, respectively). In addition, the subculture of explants to medium lacking TDZ but supplemented with BKI also favored bud elongation (Fig. 1C) .
The highest frequency of explants forming buds (40%) was obtained when leaf explants from juvenile material were cultured for 30 d in the presence of 8.8 mM TDZ and 2.2 mM IAA and then transferred for 30 d to SHM with BKI 4.4/4.4/2.2 mM. The organogenic response of leaves excised from adult cultures was cultivar-dependent with 'Alsace' and 'Splendens Giganteum' performing slightly better than 'Revanche' (average percentages of 6.7, 3.3, and 4.7 for 'Alsace', 'Revanche', and 'Splendens Giganteum', respectively). Culture conditions providing the best response (percent of organogenic explants) for each cultivar can be summarized as follows: for 'Splendens Giganteum', 30 d on induction medium and transfer to BI 4.4/0.4 mM (20%); for 'Alsace', 15 d on induction medium and transfer to BKI 2.2/2.2/0.4 mM (20%); and for 'Revanche', 30 d on induction medium and transfer to BKI 4.4/4.4/2.2 mM (8%). The mean number of well-developed shoots (5 mm or greater) formed per explant ranged from three to five. Neither exposure time to TDZ nor subculture media composition affected these results.
The effectiveness of TDZ in promoting adventitious shoot induction from oleander explants has also been demonstrated in a variety of plants (Gu and Zhang, 2005; Huettman and Preece, 1993; Murthy et al., 1998) . Nevertheless, and as reported elsewhere (see Debnath, 2005) , TDZ inhibited shoot elongation and therefore explants should be transferred to media with other cytokinins to produce well-developed shoots. We are unable to offer an explanation for the lack of adventitious shoot differentiation on WPM supplemented with TDZ, but the higher ammonium (NH 4 ) concentration of this medium compared with SHM (2.6 versus 5.0 mEq) could be implicated. Similar results were reported for Juniperus oxycedrus (Gómez and Segura, 1995) . In contrast, WPM has been used to induce organogenesis in some woody species (George et al., 1988) .
Rooting and acclimatization
The percentage of rooted shoots was 99% either with hormone-free or IBA-containing BM/2 (Fig. 1D) . The establishment of in vitrogrown plants in soil was easily achieved, and survival rates were 95% to 100%. After their acclimatization, the plants were transferred to greenhouse conditions where they exhibited normal development, blossoming abundantly.
In conclusion, we have designed protocols for in vitro propagation by axillary shoot breaking of wild plants and commercial cultivars of Nerium oleander. These protocols combined with periods of culture on maintenance medium with or without BA can be used for storage and multiplication of selected oleander cultivars. Micropropagation allows higher multiplication rates than the propagation by cuttings, and rooting and acclimatization do not limit the efficient production of plants. This system could also be the basis for developing the meristem culture approach, which could be useful to obtain pathogen-free plants. We also report, for the first time, a protocol for regeneration of adventitious shoots from leaf explants of oleander that can be used to undertake transformation experiments. Nevertheless, further investigations are needed to improve the caulogenic potential, especially for adult plant-derived material, which will make oleander micropropagation more efficient and, consequently, reduce the cost of production.
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